Introduction
The shells of organophosphatic linguloid brachiopods, routinely referred to the poorly understood genus Lingulella Salter, are common in Cambrian-Ordovician deposits (Sutton et al. 2000) , where only the shell morphology can be used for reconstructing elements of the soft anatomy and mode of life. Two major Cambrian Konservat Lagerstätten have yielded abundant linguloid brachiopods; the Middle Cambrian Burgess Shale and the Lower Cambrian Yuanshan Formation Maotianshan Shale (Chengjiang) biota (Briggs et al. 1994; Chen and Zhou 1997; Hou et al. 2004; Shu et al. 2003) . In the Yuanshan Formation, two linguloid species ('Lingulella' chengjiangensis, Lingulellotreta malongensis) as well as more problematic linguliforms, (e.g. Longtancunella chengjiangensis, Xianshanella haikouensis), were described with preserved soft parts such as lophophores and pedicles (e.g., Zhang et al. 2004 Zhang et al. , 2005 Zhang et al. , 2006 Zhang et al. , 2007a Hou et al. 2004 ). Jin et al. (1993, Fig. 3:6) illustrated one specimen of Lingulella sp. with a preserved proximal part of a pedicle from the Burgess Shale, but this specimen belongs to the unrelated stem-group brachiopod Acanthotretella (Holmer and Caron, 2006) . The only morphological study of L. waptaensis available to date (Walcott, 1924) was based on shells alone. Unfortunately, in addition to the lack of anatomical characters, Walcott's study (1924) was based on only a few specimens with unclear stratigraphic provenance, information on shell microstructure was lacking and the morphological descriptions of the shell itself remained preliminary. Here we redescribe this taxon based on abundant new material that was collected in-situ and includes specimens with preserved pedicles.
In addition to exceptionally preserved soft parts the new material offers novel data on the shell microstructure and contributes towards understanding the mode of life of this poorly known brachiopod.
Materials and methods
This study is based on 396 specimens (representing both part and counterpart when available), many of them complete articulated shells with both valves preserved. The specimens come from in-situ collections made by Royal Ontario Museum teams between 1993 and 2000 from fine-grained siliciclastic mudstone beds in the Greater Phyllopod Bed (GPB, Walcott Quarry Member on Fossil Ridge, British Columbia). The 325 specimens of L. waptaensis previously identified during a census of 15,875 slabs by JBC from the GPB community (Caron and Jackson 2006) in 28 bed assemblages (BA) were re-examined by SP to confirm their taxonomic identifications (Fig. 1 ). 321 out of the previously-identified 325 L. waptaensis specimens occured in 26 BAs, each of which contained at least 300 specimens of various other taxa. Relative abundances of L.
waptaensis in the GPB provided in this paper were calculated only for these 26 BAs (Caron and Jackson 2006) . Additional specimens were studied by SP in previously unstudied collections from the GPB. These specimens, including the three specimens with soft parts described in this paper, are not included in the relative abundance counts presented in Fig. 1 .
Pictures were taken with polarization filters on both the camera and the light source in order to increase contrast and reduce the amount of light reflected from some shiny areas of the specimens.
Scanning electron microscope (SEM) photographs of both coated and uncoated specimen (surfaces and cross-sections) and, where necessary, of rubber moulded specimens, were taken using a Zeiss Supra 35 VP microscope and a FEI-Electroscan ESEM 2020 microscope. Images were processed in Adobe Photoshop 6.0 using LucisArt software to correct variations of exposure within the same image. Measurements were taken from live digital images using ECLIPSE NET 1.2 and Nis-Elements D 2.3 from a Nikon DS-5M digital camera mounted on a Nikon SMZ-1500 stereoscopic microscope at the Royal Ontario Museum.
Three vertical cross-sections of ventral valves of L. waptaensis specimens were prepared in order to study the shell microstructure. Element analysis (EDS) was performed on polished, cleaned and etched (using 5 percent HCl) cross-sections. In this study, shells are measured according to Sutton et al. (2000) . The different parameters measured are provided in Figs. 2, 3, 4, and Table 1 .
The specimens here designated as syntypes of L. waptaensis were collected by Charles D. Walcott from locality 35k and illustrated in Walcott (1924) . Locality 35k corresponds to the Phyllopod Bed (Whittington 1971) , an informal stratigraphic unit representing the upper two meters of the GPB. The exact horizons from which the specimens have been recovered are unknown.
Relative abundance and taphonomy
L. waptaensis is the most abundant brachiopod species in the GPB (see Fig.1 ). The relative abundance of individuals per BA (max 3.7 percent), and within the GPB as a whole (less than 1 percent) indicate that L. waptaensis is rare in the GPB community.
This species however, is recurrent (present in 20 out of 26 BAs) suggesting that it could be adapted to a wide range of environmental conditions (eurytopic) (see Caron and Jackson 2008) .
The only three specimens with preserved pedicles all come from a single level (BA-130) which also contains the majority of exceptionally preserved specimens of Acanthotretella spinosa, the only other brachiopod with preserved pedicle from the Burgess Shale (Holmer and Caron 2006) . Quantitative taphonomic and palaeoecological analyses of the different BAs in the GPB Jackson 2006, 2008) show that BA-130 is characterized by the presence of well preserved soft-bodied organisms from a wide range of taxa. Many of these organisms were probably buried alive (e.g. brachiopod with pedicle) whereas other animals had died and started to decay prior to burial and thus represent time-averaged assemblages (e.g. brachiopod without pedicle) (Caron and Jackson 2006) .
The specimens of L. waptaensis occur individually and sometimes in clusters with parallel bed orientation (Fig. 5A ). When occurring in clusters there is no evidence of sorting or preferred orientation and the lack of isolated valves (shells are either articulated or, if disarticulated, with both valves in close proximity) suggests little or no transportation after death. Most shells are dorsoventrally compressed parallel to the bedding plane. Some fossils so strongly flattened that it is very difficult to distinguish between dorsal and ventral valves. In some rare cases, the shells appear to be preserved laterally. The shells are often cracked which suggests that they were originally mineralized (Fig. 5B, C 
The pedicle is preserved as a dark, possibly carbonaceous and partially aluminosilicified flattened compression like other compression fossils from the Burgess Shale (Butterfield et al. 2007) . Judging by its orientation and loops, the pedicle extends parallel to the bedding plane and was highly flexible. No other clear evidence of soft tissue preservation has been observed, except perhaps putative symmetrical muscle markings on the shell (Fig. 5C ).
Systematic palaeontology
Class Lingulata Gorjansky and Popov, 1985 Order Lingulida Waagen, 1885 Superfamily Linguloidea Menke, 1828 Family Obolidae King, 1846 Genus Lingulella Salter, 1866 Type species. By subsequent designation of Dall, 1870, p.159 ; Lingula davisii M'Coy,
1851b.
Diagnosis. (see Sutton et al. 1999 Sutton et al. , 2000 .
Remarks. Based on their revision of the type species Lingulella davisii (M'Coy, 1851), Sutton et al. (2000) compared the genus Lingulella and a selection of related taxa (e.g.
Obolus Eichwald, 1829 , Ungula Pander, 1830 , Palaeobolus Matthew, 1899 , Palaeoglossa Cockerell, 1911 , Lingula Bruguière, 1797 in an attempt to clarify the generic relationships among them. The type species L. davisii (M'Coy, 1851) is the only well studied member of the genus Lingulella after its redefinition by Sutton et al. (2000) . The same authors compared L. davisii with the few well known species of Lingulella in close stratigraphic and palaeogeographic proximity as Lingulella bella (Walcott, 1888) and Lingulella antiquissima (Jeremeyew, 1856) , although the latter has been shown to represent a new genus (Popov et al. 2002) . L. antiquissima (Jeremeyew, 1856) was 8 synonymized with the British species Lingulella nicholsoni Callaway, 1877 by and considered two distinct species by Sutton et al. (1999) . The Lower Cambrian lingulid 'Lingulella' chengjiangensis was first described and assigned to the genus Lingulella by Jin et al. (1993) ; however, since little is known about its internal morphology and shell features the generic assignment is uncertain (see also Zhang et al. 2008) ; moreover, the detailed anatomy of the pedicle of 'L.' chengjiangensis differs from that of Lingulella waptaensis described below.
Lingulella waptaensis Walcott, 1924 Figs. 5, 6, 7, 8, 9, 10. Synonymy. Lingulella waptaensis - Walcott (1924), p. 496, pl. 122. Figs. 5, 6, 7, 8 . Remarks. Briggs et al. (1994) and Whittington (1985) presented brief descriptions accompanied with some general illustrations of L. waptaensis, which represent the only previous information published subsequent to the equally brief original description.
Walcott (1924) However, this species has not been restudied since Walcott (1912) and is too poorly known to compare it with L. waptaensis and determine if they are closely related, as Walcott suggested.
Description
Pedicle. Altogether, three specimens of L. waptaensis with pedicle impressions have been found. The total length of the pedicle is impossible to measure because it does not seem to be preserved in its full length (Fig. 5B , C, D, E) and the proximal part is too thin to be prepared (Fig. 5D ). The pedicle protrudes posteriorly between the valves. The surface is wrinkled with strong annulations about 40-60 μm apart (Fig. 6A ). In one of the specimens it is tightly folded into S-shapes and apparently rotated across itself (Fig. 6B) , suggesting a very flexible and easily deformable thin chitinous cuticle and muscular layers. No terminal bulb has been observed. The possible central coelom of the pedicle appears as a dark lineation which extends along the length of the pedicle and maintains its relative width throughout (50-120 μm) (Fig. 6C) . The pedicle has a maximum length of 16.48 mm, corresponding to about two times the total valve length, and an average diameter of 0.312 mm which represents about 4 percent of the valve's total width. The pedicle maintains an even thickness as it emerges between the two valves through the ventral pedicle groove (Fig. 6D, E) .
External shell morphology. The shell of L. waptaensis is elongate sub-oval and weakly biconvex. The ornamentation on the external surface of both valves consists of concentric growth lines that may vary in thickness along the length of the shell (Fig. 7A, B) . The pseudointerareas of the ventral and the dorsal valve are both striated transversely and have well-defined flexure lines (Fig. 7C, D, E) . The ventral pseudointerarea is concave and divided into two subtriangular propareas by a pedicle groove that is about 0.22 mm wide (Fig. 7C, D) , extends along the posterolateral margin for 21 percent of the total valve length, and represents 61 percent of the total width of the valve. The dorsal pseudointerarea extends along the posterolateral margin for 13 percent of the total valve length, and represents 53 percent of the total valve width. The total size of the ventral valve ranges from 1.52 to 9.44 mm in length and from 1.26 to 9.08 mm in width, and from 1.44 to 8.58 in length and 1.26 to 9.08 in width for the dorsal valves.
Internal shell morphology. The interior surface of both valves is ornamented with irregularly shaped and distributed pits, varying in size from 0.15 mm to 0.28 mm in diameter. The ventral visceral area is poorly defined, occupies approximately 32 percent of the valve's length and includes a central cluster of muscle scars that is here interpreted as a composite of central, outside lateral, and middle lateral muscle scars (Fig. 8A, B, C ).
The dorsal interior shows umbonal (Fig. 7E) , central, and anterior lateral muscle scars, a median ridge (Fig. 8D, E) , and the impressions of the vascula lateralia (Fig. 8F ) and vascula media (Fig. 8D, E) . The pair of divided umbonal muscles appears as 'knob-like' scars ( One specimen bears two symmetrically placed lighter stains on the anteriomedial portion of the darkened shell surface, possibly interpreted as muscle impressions (Fig. 5C ). The vascula lateralia diverges initially and converges again anteriorly, at its widest it encloses 62 percent of the valve's width. The vascula media is well defined and diverges anteriorly. Especially on partially exfoliated specimens the impressions of fine radial canals occur on the inner side of the anterior and lateral margins of both valves. We interpret these as the terminal branches of vascular canals (Fig. 8E) .
Shell structure. The shell of L. waptaensis is thin, ranging between just 5-51 µm in total thickness. Despite this, the shells show no signs of high flexibility like for example the co-occurring Acanthotretella spinosa (see Holmer and Caron 2006) , but exhibit brittle deformation and are fractured when compressed on bedding planes (Fig. 5B, C, D, E, F) .
The shell of L. waptaensis most commonly shows signs of kaolinization and throughout the shell there are bands and areas of kaolinite (Fig. 9A, B) .
Shell surface and primary layer. The outer shell surface carries irregular and variably arranged deformational folds that are up to 3 µm across (Fig. 7F) . At a much lower magnification, the shell surface bears an ornamentation consisting of regular growth lines that are arranged into irregularly distributed and outwardly convex drapes that are defined by nick points up to 400 µm apart (Fig. 7B) .
In cross-section no well-defined primary shell is identifiable. However, the outermost surface of the shell features a micro ornamentation with a `fibrous-like΄ pattern with anatomizing, fine, slightly elevated rows, less than 1 µm wide, arranged orthogonal to the growth lines and the shell edge (Fig. 7G, H) . It is composed of a series of thin platy layers, each around 100 nm thick and composed of cryptocrystalline apatite (Fig. 10A, B, C). This layer may partly represent a very thin recrystallized primary shell.
Secondary layer. The secondary layer is composed of thin, laterally not persistent stratiform successions of laminae that are each up to about 5-20 µm thick. Unlike most other Palaeozoic linguliforms there is neither evidence for any kind of baculate structure (in the sense of Holmer 1989, and Cusack et al. 1999) , nor is there any well-defined evidence for compact laminae (in the sense of Cusack et al. 1999) . The secondary layer is mainly characterized by a virgose structure (in the sense of Williams 1996, 13 and Williams et al. 2000) which is mostly composed of various densely dispersed aggregates of spherulitic apatite taking the form of aggregates of various shapes including rings, mosaics and short rods. The individual aggregates are most commonly around 1-5 µm across with the smallest observed granular component somewhat less than 300 nm across (Fig. 9C) . Successive virgose laminae are separated by stacks of thin platy layers, each around 100 nm thick and composed of cryptocrystalline apatite (Fig. 10D, E, F , G, H). A transverse cross-section of one specimen shows tube-like structures orthogonal to the shell lamination that can be traced through the laminae and that would probably correspond to the chitinous-wall canals described by Williams and Cusack (1999) (Fig.   9D , E).
Comparative discussion

Shell morphology
The combination of the sub-oval outline of L. waptaensis, with a smooth shell surface that only bears growth lines, and the internal davisate pits on the inside of both valves are typical features of the genus Lingulella (Sutton et al. 1999 (Sutton et al. , 2000 . 
Shell structure
Conway Morris (1990) first demonstrated that the linguliform brachiopods of the Burgess Shale can retain their phosphatic composition, and this is confirmed by this study.
Moreover, this study indicates that the shell structure of L. waptaensis is well preserved enough to be interpreted in the light of what is known of Recent lingulids. The general good preservation of original phosphatic structures is also indicated by a brief preliminary study of the associated acrotretoid brachiopod Acrothyra gregaria, where the typical columnar shell structure (in the sense of Holmer 1989 and Williams and Holmer 1992 ) is well-preserved (Fig. 9F) .
In Recent linguliforms (Lingula, Discina and Glottidia), the basic components of the mineralized shell are organically coated apatite granules, up to 10 nm across (Williams et al. , 1994 Cusack et al. 1999) ; however, such minute details have been most likely obscured by recrystallization in L. waptaensis. All Recent linguliforms (e.g. ) and most studied fossil examples (e.g. Holmer 1989), have a welldefined outermost primary layer; however, this is not clearly observable in L. waptaensis, but it may be partly represented in the outer thin platy layer.
The most surprising aspect of the shell structure of L. waptaensis is the completely non-baculate and virgose nature of the secondary layer. Clear evidence for this type of shell structure has previously not been described from the Early Palaeozoic (see also Cusack and Williams 2007) , and the virgose-shelled stocks have been proposed as a potential monophyletic group that evolved from the more primitive baculate-shelled linguliforms in the Carboniferous (Williams et al. 2000; Williams 2007 , Fig. 1898) . A similar shell structure can be inferred from the work of Sutton et al. (2000, Fig . 10 ) for the type species Lingulella davisii. Although it cannot yet be completely ruled out that the apparent virgose structure described here represents a completely recrystallized baculate structure, the well preserved shell structure of the associated Acrothyra indicates that preservation of the original structure is relatively good.
The thin platy aphanitic layers in the outermost layer, as well as similar layers separating the virgose laminae of L. waptaensis, are most similar to laminar structures in the Carboniferous L. squamiformis, interpreted by Cusack and Williams (1996) as phosphatized organic membranes. This view is supported here. However, L. squamiformis lacks the outer platy aphanitic layers as well as the micro-ornamentation with fine elevated rows. This ornamentation is most similar to the pattern of anastomosing fibres of possible collagenous composition described from Recent Lingula by Curry and Williams (1983, p. 116, Fig. 7c) , and it may represent a phosphatized fibrous layer at the base of the degraded periostracum and/or a thin primary layer. The larger surface patterns with drapes and nick points correspond entirely to those produced by stresses at the mantle edge caused by the movement of the setae, as suggested by Williams and Holmer (1992) . The fine kaolinitic plates variously disposed within the virgose laminae of L. waptaensis are here interpreted as the kaolinization of the spaces originally filled by glycosaminoglycans (GAGs), as was proposed for similar structures in L. squamiformis by Cusack and Williams (1996) and Williams and Cusack (1996) .
Pedicle
The pedicle of L. waptaensis is similar to that of the acrotheloid Diandongia pista, in that it protrudes posteriorly from a triangular pedicle groove . The other known pedunculate Lower Cambrian Chinese brachiopods, including the linguloid 'Lingulella' chengjiangensis (Jin et al. 1993) , and the problematic linguliforms Longtancunella chengjiangensis, Xianshanella haikouensis have pedicles protruding from the two valves (Jin et al. 1993; Zhang et al. 2006; 2007; . In the Lower Cambrian lingulellotretid Lingulellotreta malongensis from the Chengjiang Fauna, the pedicle instead emerges through a ventral apical circular foramen at the end of an external pedicle tube that is continuous with an internal pedicle tube (Holmer et al. 1997; Holmer and Popov 2000) . A similar type of pedicle is also found in the potential stem group brachiopod Acanthotretella spinosa from the Burgess Shale, but in this form the pedicle emerges from the apical foramen through a narrow external tube (Holmer and Caron 2006) . In L. malongensis, X. haikouensis, and 'Lingulella' chengjiangensis the proximal portion of the pedicle encloses the apex of the ventral valve (Jin et al. 1993; Zhang et al. 2006 ).
The pedicles of L. waptaensis, A. spinosa, X. haikouensis, 'Lingulella' chengjiangensis and L. malongensis, show indications of a coelomic cavity and exterior circular annulations (Holmer and Caron 2006; Zhang et al. 2006; Jin et al. 1993) . A central coelomic space has also been found in D. pista with no evidence of surface annulation (Zhang et al. , 2007 . A short smooth pedicle also appears to be present in the poorly known Middle Ordovician 'Lingula' aequalis (Walcott 1888 , Jin et al. 1993 . The pedicle of the problematic L. chengjiangensis lacks evidence of a coelomic cavity and its exterior is wrinkled (Zhang et al. , 2007 .
The pedicles of all Lower Cambrian pedunculate linguliforms are either folded into a gently S-shape (e.g. L. malongensis, 'Lingulella' chengjiangensis) or relatively straight (e.g. L. chengjiangensis, X. haikouensis). The pedicle of L. waptaensis is rather slender and tightly folded into S-shapes as described for A. spinosa (Holmer and Caron 2006 According to Zhang et al. (2008) , the wide morphological variety of lingulid pedicles from Cambrian deposits can be divided into two main groups based on their size, length and the nature of the substrate they were attached to. The first group includes elongate and slim pedicles with the distal end embedded into soft sediment, while the second group refers to thick and medium-length pedicles with the distal part attached to hard substrate. Lingulids like 'Lingulella' chengjiangensis, L. malongensis, the Middle Ordovician 'Lingula' aequalis, the potential stem group brachiopod A. spinosa, and presumably L. waptaensis would belong to the first category with their small shells possibly suspended above turbulence at the sediment-water boundary. The pedicle of the acrotheloid D. pista was also slim and long but it is difficult to imagine that its wellmineralized shell was suspended above the sea floor. More likely, it was semi-infaunal with its pedicle buried in the sediment and its ventral valve resting above it (Zhang et al. 18 2003 (Zhang et al. 18 , 2008 . The second group only comprises the pedicles of L. chengjiangensis and X. haikouensis, whose relatively short and thick pedicles were adapted to an epibenthic mode of life.
Based on the available material it is not possible to reconstruct the exact mode of life for L. waptaensis, but it is unlikely that this species lived infaunally as suggested by the more rounded shape of the shell and the long and slender pedicle (Zhang et al. 2004a ). L. waptaensis would have been more likely to rest on the sediment and, as proposed by Holmer and Caron (2006) for A. spinosa, the pedicle may have anchored the organism, thus allowing it to float above the sediment surface to prevent excessive mud intake. However, the lack of preserved terminal bulbs makes it impossible to identify which type of substrate the pedicle would have been attached to. A strong association between lingulate brachiopods and sponges has been previously reported based on qualitative estimates (e.g., , from the Upper Ordovician of Estonia; Holmer et al. 2005 , from the Lower Ordovician of USA), but there is no direct evidence that L. waptaensis was attached to sponges. Quantitative analyses of species association using abundance data, however, suggest that L. waptaensis tends to co-occur in bed assemblages with sponges and other suspension filter feeding organisms through the 
